This paper examines the dynamics of the LiCl-KCl system over a range of temperatures in order to understand the local structure surrounding chlorine, which is the common ion in these systems, during molten salt pyro-processing. Chlorine-35 nuclear magnetic resonance (NMR) is sensitive to the local environments of the resonant nuclei and their motion on a diffusive timescale. Thus, it is a good probe of the atomic scale processes controlling the viscosities, diffusivities and conductivities of these molten salts. The increased by a factor of four. This is a promising preliminary result for probing the effect of actinide dissolution on the dynamics of these pyro-processing salts.
ions in the solvent salt can be tuned using an appropriate mixture of alkali chlorides, which could allow selective extraction of different metals from complex mixtures. 1 The composition and temperature of the electrolyte 2 can potentially be used to control the interactions of actinides with other ions in the melt in order to get this high separability. The physical consequence of tuning activities is the occurrence of ion-ion interactions, such as the formation of ionic pairs or associates, which decrease the melt conductivity. [3] [4] [5] Therefore, it is important to know the nature of the ionic species, and their interactions in the melt, in order to predict the physical and chemical properties of the melt precisely when there is a change of conditions, such as temperature, pressure or concentration. This enables the manipulation of the molten salt system with the goal of greater separation efficiency for the actinides.
This work forms part of a nuclear magnetic resonance (NMR) study of the pyrochemical process that will eventually include actinide-containing melts. Firstly, we focus on the fundamental microstructure and dynamics of the (Li,K)Cl system, as a basis for future studies of the inuence of the lanthanides, actinides and other ssion products on the molten salt system. The importance of studying simple molten salt solvents has been exemplied by comparing the self-diffusion rate of F À in (Li,K)F and LiF/YF 3 salt systems, where yttrium (in YF 3 ) was shown to promote the formation of bridging F À ions in the mixture.
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A considerable amount of research has been carried out in an attempt to understand the microscopic properties of the alkali chloride solvents and to identify the solution species and their roles in determining the bulk properties. The most relevant works involve structural investigations using neutron scattering and melt dynamics using molecular dynamics simulations. 3, [7] [8] [9] [10] [11] In general, there is a shortening of the inter-ionic distances between metal and chloride ions and a lowering of the co-ordination number of metal ions aer melting. 7 Neutron scattering studies 7 show that this effect is more pronounced in LiCl than in KCl. Partial pair distribution functions derived from molecular dynamics (MD) studies 3 of LiCl melts show that the addition of KCl also decreases the Li-Cl distance accompanied by a decrease in the [LiCl n ] 1Àn coordination number, and vice versa for K-Cl when mixed with LiCl. These structural details could qualitatively explain the decreasing trend of the ionic (Li + and K + ) diffusion rate and internal mobility (the rate of migration of one species in the melt relative to another) with increasing KCl content in the melt, 3, 11 but not the different crossover points of the two properties. Moreover, the magnitude of the calculated conductivity according to the Nernst-Einstein relation is quite similar to the true conductivity in the (Li,K)Cl system, showing that the degree of correlation between the diffusive motions of different ions is not large. 3 However, the relative change in the calculated conductivity across different compositions is not as large as for the true conductivity. This indicates that ionic association probably affects the overall charge transport in the system. 3 It is common that the conductivity of the molten binary salts is a nonlinear function of the composition expressed as a mole fraction; usually this is a negative deviation from additivity. 12 In systems with signicant deviation, long-lived complex ions are likely to exist in the mixture such as in CdCl 2 -KCl. 12 Complexes were also proposed to exist in simple alkali halide systems, such as the (Li,K)Cl system, 5 although they show only moderate deviations from additivity in their conductivity. 5, 12 In a recent study of the liquid radial distribution function using MD simulation, an intermediate range chemical ordering of Li + ions was considered a general property of simple mixtures of lithium halides with other alkali halides such as the (Li,K)Cl and (Li,K)F systems. 8, 11 Experimentally, Raman spectroscopy detected a new band in the (Li,K)F systems, and it was attributed to the relatively long-lived (LiF x )K congurations compared with pure alkali halides.
9,10 Both numerical simulation and Raman spectroscopy evidenced the modication of the ionic structures upon mixing in the (Li,K)F system. However, due to the difficulty of high temperature experiments caused by the corrosiveness of molten LiCl, KCl and their mixtures, there is still a lack of experimental evidence about the potential intermediate, more long-lived structures in (Li,K)Cl molten salts and their effect on dynamic properties such as conductivity.
High temperature NMR is an effective way to monitor the changes in microstructure and dynamics of salts during pyrochemical processing. For example, the identication of the local microstructure and self-diffusion coefficient of specic ions in the molten LiF/KF system has been carried out successfully despite the severe technical challenges posed by their corrosiveness. 13 In the work described here, in situ high temperature NMR is used to study atomic scale processes involved in molten (Li,K)Cl salt systems, and the effect of CeCl 3 dissolution in eutectic LiCl-KCl. Using NMR spectroscopy, we could observe the chemical shi with the compositional variation to study the ionic environment. One of the most important and useful features of NMR is its ability to probe the molecular motion by measuring the spin-lattice relaxation time, T 1 , which is determined by the time varied local magnetic/electric elds created by microscopic uctuations in the liquid. Therefore, it can be used to understand the nature of ionic motion and the rate of change of microstructure in the liquid.
Experimental
The hydroscopic nature of halide salts is a known problem. The chloride salts were purchased from Aldrich (KCl, 99.999% anhydrous) and Alfa Aesar (LiCl, CeCl 3 , 99.995% ultra-dry). The samples with intermediate compositions were rst weighed and sealed in glass bottles in an argon glove box (oxygen and moisture contents were both below 1 ppm, in the Department of Chemistry, Cambridge). Weighed samples were kept in desiccators (purged under argon) inside a glove bag under a pureshield argon (99.995%) atmosphere before use. All experiments were carried out within one week of sample preparation. Eleven samples with different concentrations of KCl in the range 0-100 mol% with 10 mol% intervals were produced; and seven CeCl 3 /LiCl-KCl mixtures with a CeCl 3 concentration varying from 0.5% to 40%. The salts were further dried at 200 C for two hours in situ, with a pre-dried pureshield argon ow in the NMR probe, and were heated to higher temperatures directly from 200 C. For LiCl-KCl systems, the NMR sample cells were single crystal alumina (sapphire) crucibles with loose tting lids purchased from Mettler Toledo. Aer the NMR runs the molten salts were diluted in deionized water, and the solution pH was measured. This showed that the solutions were slightly acidic (pH 5-6); if there had been any interaction with oxygen or moisture during the measurement the pH would have been >7. For the CeCl 3 /LiCl-KCl (CeCl 3 -LKE) system, the NMR sample cells were pure fused silica tubes with Swagelok ttings at the open ends.
The high temperature NMR (HT NMR) spectra were recorded on a VarianChemagnetics Innity 400 MHz (9.4 T) spectrometer equipped with a 7 mm single channel home-built static probe. The probe could operate at temperatures up to 1500 C by means of a small electric furnace surrounding the specimen coil, and the magnet and shim coils were protected by a water-cooled jacket around the furnace. 
Results

Chemical shis
3.1.1 LiCl and KCl. Fig. 1 shows the 35 Cl NMR spectra of the two end member salts as a function of temperature. At low temperatures (312 C in Fig. 1(a) , below 437 C in Fig. 1(b) ), the spectra consist of a single resonance arising from all the transitions of the 35 Cl spin system (I ¼ 3/2), with Cl located in a high symmetry site with no electric eld gradient. The presence of 39 K and 6, 7 Li will broaden the line through a dipolar coupling mechanism. Presumably, the greater breadth of the 35 Cl line for LiCl compared with KCl is a result of the greater nuclear moments of 6 Li and 7 Li compared with 39 K (e.g. at 312 C, the maximum width at half height is 5.0 ppm and 3.7 ppm for LiCl and KCl respectively). There is a line narrowing with increasing temperature in solid LiCl as a result of cation mobility. Once the temperature exceeds T m , as chloride ions become mobile and experience more environments during the measurement, the maximum intensities were reached. There are splittings in the peak for KCl above 768 C and a less noticeable one in LiCl aer melting, and this is due to separation of the sample from the lid and bottom of the sapphire crucible during melting. In this case, the chemical shi (d) was determined as the centre of gravity of the resonance. The separation of salt from lid and bottom was also observed aer the sample had cooled down. For both LiCl and KCl the Cl d is shied toward a negative value upon melting ( Fig. 1(a) and (b)), indicating that there is greater magnetic shielding of chlorine upon melting. Cl NMR spectral changes with increasing temperature in the mixture of 70 mol% KCl/(Li,K)Cl, of which the phase evolution is indicated in the (Li,K)Cl phase diagram. The spectrum consists of one peak below 200 C, due to the overlap of the broad single peaks of solid LiCl and KCl, and splits into two peaks at 312 C because of the narrowing caused by the increased mobility of the cations. Above the eutectic temperature (>353 C), there are two peaks corresponding to the eutectic liquid salt and solid KCl. The intensity of the peak due to the eutectic liquid salt increases with increasing temperature, and is consistent with the phase diagram which indicates how the ratio of liquid to solid phase increases ( Fig. 2(b) ). However, the intensity ratio of the NMR spectra of the liquid to solid ratio (e.g. about 3.9 : 1 at 437 C) is much higher than the value calculated from the phase diagram (e.g. about 1.3 : 1 at 437 C) according to the Lever rule. In particular, the 35 Cl NMR signal from the solid KCl merges into the eutectic liquid at 567 C, where the liquid to solid ratio is about 3 : 1 in the phase diagram, before reaching the melting temperature of 636 C. This could be due to the high mobility of the chloride ions in the liquid, which appear to be exchanging with the rest of the solid KCl before melting (see Discussion). is the weighted average of chlorine ions with different local environments, and it could be taken as a simple additive function of two pure salts in the (Li,K)Cl is 64.5%) upon mixing with KCl with a variation of $10 ppm across the whole composition. The tting is just for guidance, as the data become more scattered in the KCl rich zone, possibly due to the migration of the liquid salt towards the cap of the container at high temperature (e.g. in Fig. 1(b) ). The temperature effect on the chemical shi was similar for all compositions (À1.4 ppm/100 C, e.g. in Fig. 2(a) ) in the melt and was not negligible, so the compositional effect was compared at a single temperature of 837 C, as shown in Fig. 3(b) . Despite the small variation of the Cl d with composition and the scattering of the data points, it can be seen that Cl d rst decreased and reached a minimum value at about 50 mol% KCl and then increased until pure KCl. This indicates that the effect of composition is nontrivial in the (Li,K)Cl mixture, which will be discussed in Section 4.1. Fig. 4 . The relaxation is most efficient at an intermediate value of the correlation time responsible for the relaxation, which is long in a solid and short in a liquid salt. In the solid (Fig. 4(a) ), T 1 decreases rapidly from 905 ms at 250 C (523 K) to 41.0 ms at 567 C (840 K). This is due to the increased uctuation rate (decrease of correlation time) of the random eld caused by the diffusional motion of cations in the crystal lattice with increasing temperature towards the most efficient value (s c $ 1/u 0 ). A T 1 minimum could not be observed. In the melt, the spin-lattice relaxation time increases as the temperature increases. The same trend of T 1 vs. temperature is also found for 6 Li, and it has much longer relaxation times, in the range of 23.5-1477 seconds in solids and about 11.3 seconds in the melt. The reliability of the 35 Cl T 1 measurements was ensured by testing different samples with increasing and decreasing temperatures, and the data shows good overlap (Fig. 4(b) ) indicating that the salt was not oxidized in the melt during the measurements, as demonstrated by the deliberate addition of 1 wt% Li 2 O in LiCl, which decreased the absolute value of the relaxation time.
In the melt, the spin-relaxation time, T 1 , increases with temperature, indicating a decreasing motional correlation time with temperature and, well away from the T 1 minimum, the activation energy (E a ) of the motion responsible for the spin-lattice relaxation of Cl À can be calculated from an Arrhenian relationship.
The calculated activation energies for the spin-lattice relaxation of 35 Cl in pure liquid LiCl and KCl are 0.0826 AE 0.007 eV and 0.1509 AE 0.015 eV, respectively. These agree, within error, with the activation energies of 0.0746-0.0899 eV (LiCl melt) and 0.1414-0.1489 eV (KCl melt), which were obtained in high temperature equivalent conductivity measurements of LiCl and KCl. 5, 12, 15 Here the equivalent conductivity is the product of the specic conductivity and the equivalent volume (of 1 mol), and it refers to a state in which there is always one equivalent of the salt between electrodes at 1.0 cm distance. 5, 12 Therefore, the activation energy derived from equivalent conductivity is preferred for comparisons of ionic migration. Futhermore, in LiCl and KCl melts, both cations and anions conduct, and their activation energies were taken as the same in a calculation of the conductivity, Cl over a large temperature range of 437-837 C (710-1110 K) was investigated in eutectic (Li,K)Cl salt. As shown in Fig. 5(a) , T 1 increases monotonically with temperature. When the data are plotted as ln(T 1 ) against inverse temperature to obtain the activation energy, there appears to be a change in the rate of increase of T 1 with temperature above 636 C (Fig. 5(b) ).
The changing rate may be decomposed into two activation energies calculated from ln(T 1 ) vs. 1/T curves, which are 0.231 eV and 0. 171 eV at lower (437-636 C) and higher (636-837 C) temperature ranges, respectively. This indicates that the ionic mobility is enhanced at higher temperatures, which is consistent with computational results showing fewer ionic complexes in the (Li,K)Cl eutectic composition, with conductivities closer to the theoretical value of free ions with increasing temperature. 16 There is no report on the activation energy variation with temperature in the (Li,K)Cl system, but a similar phenomenon was found in the alkali and alkaline earth halide systems such as CdCl 2 -KCl. 15 In these systems, the decrease in the activation energy for motion suggests the dissociation of the ionic complex, and this indicates there are complexes in the molten (Li,K)Cl system. 3.2.2.2 Effect of composition. Fig. 6 shows the compositional effect on the relaxation time at a constant temperature of 837 C, and it is compared with the previous study on the variation of equivalent conductivity (L) at 800 C, 5 because the activation energy for T 1 in two end member salts is comparable with the energy derived from equivalent conductivity. The relaxation time of Cl À rst decreases upon mixing and reaches a minimum at about 30 mol% KCl, followed by a nontrivial increase, from 29 ms to 36 ms within a wide composition range of 30-80 mol% KCl, and then increases more than two-fold from 80 mol% to pure KCl. The composition with the lowest value of T 1 is dependent on temperature and moves to lower KCl concentrations as temperature is increased. This might indicate a change in ionic mobility similar to the Chemla effect. 17 According to the relationship between T 1 and L, the mixture could be divided into 3 zones. In zone I (<30 mol% KCl) the two properties both decrease with increasing KCl mol%. In zone II (30-80 mol% KCl) T 1 increases but L decreases. In zone III (>80 mol% KCl), both increase with composition. The minimum of equivalent conductivity (80 mol% KCl) indicates a strong chance of formation of complexes or clusters in the mixture. 5 Together with the minimum value of T 1 at 30 mol% KCl, it means that the (Li,K)Cl system is not a simple mixture of two salts within a certain range of compositions.
The compositional effect on activation energy (E a ) derived from ln(T 1 ) vs. 1/T is shown in Fig. 7 (blue circles). The activation energy calculation is carried out within the same temperature range of 637-837 C for samples with KCl <70 mol%;
and the remainder from 20 C above the melting point to 837 C (pure KCl from 837-888 C). The change of E a corresponds well to the classication of zones in This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Effect of CeCl 3 dissolution
The 35 Cl spectra in CeCl 3 -LKE over a wide range of CeCl 3 concentrations is shown in Fig. 8(a) Cl chemical shi as a function of CeCl 3 mol% is presented in Fig. 8(b) , the dashed line is a guide for the eye presuming the chemical shi of 35 Cl is only based on two local environments (Cl À anions from LKE and CeCl 3 ). A non-linear monotonic increase is observed, and this kind of evolution has already been reported in a previous study on LaF 3 -AF (A ¼ Li, Na, K) systems. 18 The nonlinearity in this case was attributed to the existence of bridging F À before all the F À are involved in LaF x units in pure LaF 3 . Fig. 8(c) presents the spin-lattice relaxation time and T 1 activation energy variation with CeCl 3 concentration.
Discussion
Inuences on chemical shi
The chemical shi, Cl d, in KCl (À8 ppm) is more shielded than in LiCl (À4 ppm).
This contradicts the empirical nding that the halide chemical shi is more negative for smaller alkali cations in the alkali halides, where the chemical shi is assumed to be controlled by the nearest neighbour interactions. 13, 19 The difference in chemical shi between the two end-member chloride salts is considerably less than that in LiF and KF (e.g. 70 ppm difference for F d). 13 This shows that the chemical shi depends on both the size of the cation and anion, and a more detailed study 19 found that the chemical shi can be related to the cation-to-anion radius ratio (R m ¼ R + /R À ). With a decrease in this ratio, there is an increase in the shielding of the 35 Cl, while deshielding happens when the ratio is <0.6. This parabolic behavior of shielding and deshielding was attributed to changing interaction mechanisms from a rst neighbour interaction to a second nearest neighbour induced polarisation 19 The cation-to-anion radius ratio can also explain the variation of the chemical shi with the KCl concentration at constant temperature. Given the cation-toanion radius ratio in the mixtures is a simple addition of two-end member salts, the ratio increases with the KCl concentration, and a critical value of about 0.6 is obtained at a composition of 50% KCl. The absolute deviation of the cation-toanion radius ratio from the critical value was plotted in Fig. 3(b) , and this trend is consistent with the evolution of The coalescence of solid and eutectic liquid 35 Cl line shapes before reaching the melting point (as shown in Fig. 2(a) ) indicates that there could be ionic exchanges between the solid and liquid phases. In a previous study on AlF 3 -(Na,K)F eutectic systems, 20 the total dissolution of AlF 3 was found to be at 879 C by thermal analysis; however, it was cloudy by visual observation, and a clear melt was only observed at approximately 900 C. The maximum 27 Al NMR spectrum was observed at an even higher temperature of 935 C. These observations show that the melting of the mixture took place over a range of temperature, and involves dissolving/melting processes. In the (Li,K)Cl system a similar process occurred, as the melting process involves the dissolving of the solid into the eutectic before reaching the melting temperature. Moreover, the temperature effect on the Cl d in molten (Li,K)Cl mixtures, where the Cl d decreases slightly (À1.4 ppm/100 C) with increasing temperature, could be due to the change in the degree of association between the ions. The cations are more tightly bonded to the anions with an increase of temperature, and the coordination number of cations decreases according to MD simulation. 3 Therefore, this decrease in chemical shi could be interpreted with more free anions according to a previous study on the uorine system. 13 Alternatively it could be due to thermal expansion, reducing the paramagnetic contribution in the shi causing a reduction in the Cl-Cl interaction.
It is helpful to recall that the NMR spectral life-time is in the range of milliseconds, and species that have shorter lifetimes than this are represented by an average chemical shi. Previous MD simulations 8 show that cation ordering, such as Li + -Li + , is the origin of the rst sharp diffraction peak in Li halide mixtures.
The measurement of the chemical shi of 35 Cl would not obtain direct evidence of intermediate range. This is because the residence time of the ions in clusters was estimated to be a few picoseconds, 3,11 and the process on this time-scale could contribute to spin-lattice relaxation. However, the increase in activation energy for spin-lattice relaxation is consistent with MD simulations. 
Spin-lattice relaxation mechanism
The NMR spin-lattice relaxation time quanties the rate of transfer of energy from a nuclear spin system to neighbouring molecules (the lattice) by thermal motion, such as translation, rotation or internal motion of molecules. Thermal motion creates uctuating magnetic and electric elds at the site of nuclear spins through spin interactions, which could be paramagnetic, dipole-dipole, or for 35 Cl, quadrupolar interactions. The purchased salt is of high purity (>99.99%), so the inuence of paramagnetic elements on spin-lattice relaxation could be neglected. For spins > 1/2 (I ¼ 3/2 for 35 Cl), an electric quadrupolar relaxation mechanism usually dominates the relaxation. The relaxation is due to interaction of Cl nuclei with a uctuating electric eld. The quadrupolar spin-lattice relaxation time under isotropic motion in a liquid is given by:
where I is the nuclear spin of nuclei, h denes the asymmetry of the electric eld gradient, e is the electron charge, and Q is the nuclear quadrupole moment. The (v 2 V)/(vz 02 ) represents the electric eld gradient at the nucleus; s c is the correlation time of the changing surrounding electric eld due to liquid motion; and C is a constant. T 1 relaxation is most effective (corresponding to a T 1 minimum) at a temperature where u 0 s z 1. Here u 0 is the resonant frequency of nuclei, and s is the correlation time at this temperature. When u 0 s > 1, the relaxation time increases with increasing correlation time (decreasing temperature), while it decreases when u 0 s < 1. For 35 Cl, s $ 1/2pu 0 $ 4.07 Â 10 À9 s is expected at T 1 minimum. As T 1 of 35 Cl increases with increasing temperature (Fig. 4) in the melt, this means the relaxation is at the fast motion limit where u 0 s 0 ( 1 (s 0 ( 4.07 Â 10 À9 s). This conrms the general understanding of the relatively high mobility of the ions in the molten salt reected in the bulk transport properties, such as conductivity.
In a (Li,K)Cl melt, it is impossible to measure the T 1 minimum, so the electric eld gradient could not be calculated according to eqn (1) , which means that the correlation time corresponding to measurable T 1 is unknown. It is impossible to identify the nature of the thermal motion from eqn (1); therefore we calculated the correlation time from thermal motions which may contribute to relaxation, and compared the resulting T 1 (according to eqn (1)) with the measured T 1 in molten (Li,K)Cl in order to explain our observations indirectly.
We can compare our results on dynamics from nuclear magnetic resonance and molecular dynamics. and KCl (0.133 eV and 0.297 eV, respectively calculated from previous measurements. 22, 23 This precludes self-diffusion as the direct cause of relaxation. The correlation times derived from the self-exchange velocity calculated from MD simulations 3 are consistent with the different T 1 s in LiCl and KCl. The selfexchange velocity calculates the exchange rate of neighbouring unlike ions, v ¼ (R 2 À hR 2 i)/s, where R 2 is the distance where the radial distribution function (g(r)) between anions and cations crosses unity for the second time; hR 2 i is the average separation of unlike ions within R 2 ; and s is correlation time of this motion (s self-exchange ). The s self-exchange for Li + and K + at 823 C are 0.33 ps and 0.56 ps respectively. These values are very close to the correlation times derived from a previous study 24 in molten LiBr (0.11 ps) and LiI, which were calculated based on the similarities with the quadrupolar relaxation in liquid metal. The correlation time was interpreted as the average time that the spatial conguration of a group of near neighbours persists.
The radial distribution functions were taken to be the same for Li-Cl at 823, 727 and 627 C, because the local structure did not change as much as ion dynamics with varying temperature. 3 The constants in LiCl calculated from eqn (1) and 0.71 Â 10 21 V m À2 , respectively. These values could potentially be compared with force eld parameterized ab initio calculations of uctuating electric eld gradients recently published for species in aqueous solution. 25 The larger Cl electric eld gradient, derived from eqn (1), in LiCl compared with KCl could be due to greater Cl core polarization due to Li, and lead to a shorter T 1 in LiCl. This is also consistent with the observation of higher chemical shis in LiCl than KCl. Therefore, it is most likely that the relaxation is caused by motion of the Cl À to the near neighbour unlike ion sites in the molten salts. The self-exchange velocity is the motional mechanism of the internal mobility, 3 which has similar properties to the conductivity, so this could explain the similar activation energies of the relaxation and equivalent conductivity. Cl is the weighted average of correlation times calculated based on selfexchange velocities of Li + , K + with Cl À in the mixture, 3 and the electric eld gradient in the mixture is a weighted average of two end member salts (823 C), with measured T 1 (837 C). The actual lower T 1 could be due to either the longer correlation time and/or larger electric eld gradient than the above weighted average of two properties assumption. The compositional effect on relaxation time and activation energies ( Fig. 6-8) shows good evidence for the formation of complexes in (Li,K)Cl molten salt mixtures, which can increase both the correlation time and the electric eld gradient. Upon addition of KCl (for zone I <30 mol% KCl), both T 1 and L depend mainly on the LiCl concentration. Upon addition of KCl, the Li-Cl distance decreases and cation association with the anions is longer according to MD simulations. 3 These make it more difficult for ions to exchange with near neighbour unlike ions, and increase the chlorine correlation time. Although the addition of KCl could decrease the average electric eld gradient, the change is not big enough to compromise the increasing correlation time, so the T 1 decreases. The decreased mobility of Li + and Cl À could lead to the negative deviation of the equivalent conductivity from the addition of the two end member salts. Furthermore, it is worth noting that the nal composition of zone I is temperature dependent. Similarly as in zone III (>80 mol% KCl), KCl concentration determines the two properties. The signicant increase in T 1 is due to the smaller electric eld gradient in KCl (eqn (1)), and the slight increase in L could be due to the disappearance of clusters.
Compositional effect on relaxation time
In zone II (30-80 mol% KCl), the peak value of the activation energy could be related to the formation of intermediate range chemical order on the time scale of picoseconds according to previous studies. 8, 11 When there are longer-range interactions, such as clustering, in the mixture, these would be able to dissociate more readily into free ions with increasing temperature. This reduces the correlation time and electric eld gradient, corresponding to a faster increase in the relaxation time, and results in greater rate of change of liquid structure with temperature and the maximum activation energy in zone II. Moreover, the concentration of LiCl 2 À and K 2 Cl + complexes in the melt calculated using density functional theory 16, 26 showed a maximum in the range of 37-62 mol% KCl, in a similar plot to Fig. 7 , which shows a maximum in 35 Cl T 1 activation energy at 40-50 mol%. However, the MD simulation showed that the intermediate range complex structure is a cluster of Li + ions, where the Li + -Li + distance is shorter than the random ionic mixture in a mixture. 8, 11 In this study, the effect of overlapping Cl Cl chemical shi in LiCl was observed, and the change of chemical shi in (Li,K)Cl is determined by cation-to-anion radius ratio in the whole compositional range of molten salts. The maximum activation energy for relaxation in zone II indicates that the complex could be a Li + -Li + cluster, which is most signicant at this compositional range calculated using radial distribution function 8, 11 determined from molecular dynamics.
Effect of CeCl 3 dissolution
The chemical shi variation of 35 Cl with CeCl 3 dissolution shows a similar trend to a previous study on a LaF 3 -ACl system, 18 though the deviation from a linear combination of end-member shis begins at a lower concentration. It indicates the presence of at last three instantaneous chlorine environments almost throughout the whole composition.
In Glover and Madden's work, 27 the microstructure of molten mixtures of LaCl 3 with NaCl and CsCl has been theoretically studied by Raman spectroscopy, to examine the coordination environment around the La 3+ ions. In pure molten LaCl 3 the La-centred coordination must be linked with a Cl À belonging to the coordination of two or more La 3+ ions, from which it is inferred that a bridging Cl À exists in pure LaCl 3 . Their work showed how the pure melt is broken down by the addition of alkali halides to different extents. This differs from previous studies on LaCl 3 -AF systems, 18 where the bridging F À exists in LaF 3 -AF mixtures in the same form as in pure LaCl 3 . 
